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Abstract- The article describes the technology of steelmaking in 
electric arc furnaces using three-component burden. It presents 
the experimental studies results of residual element content in 
steel. It also gives the findings of chrome, nickel and copper 
content obtained on the basis of the structural system of 
interrelated equations. 

Keywords- Steelmaking Technology; Burden Materials; Waste 
Metal; Scrap; Cast Iron; Residual Elements; Burden Mix 

I. INTRODUCTION 

Modern industrial enterprises impose heavy demands on 
the quality of metallurgical products. Purposeful study of all 
production stages used in the steelmaking process starting 
from burden material preparation contributes to meeting these 
demands. OJSC "Magnitogorsk Iron and Steel Works" (OJSC 
"MMK"), being one of the biggest metallurgical enterprises of 
Russia, has two 180 t electric arc furnaces. 

In order to develop a control system of steelmaking in 
electric arc furnaces, it is necessary to determine sets of input 
parameters influencing the technological modes of the process. 
According to the design documents of the company VAI- 
FUCHS and the current technology regulations of steelmaking 
at OJSC "MMK", the main parameters controlling power, 
slag and blowing mode are the geometry of the scrap charged 
and the burden materials ratio. 

II. INFLUENCE THE RESIDUAL ELEMENTS ON FURTHER 
TECHNOLOGICAL PROCESSES AND FINAL PROPERTIES OF 
STEELS 

Burden materials containing cast iron, waste metal and 
scrap are used in the electric arc furnaces of OJSC "MMK". 
According to the contract with VAI-FUCHS three 
combinations of waste metal and cast iron can be used as the 
burden mix: 100% of waste metal; 75% of waste metal and 
25% of cast iron; 60% of waste metal and 40% of cast iron. 
The proposed ratios do not make provisions for application of 
scrap currently contained in the burden in the EAF. In 2011 a 
study aimed at determining of the influence of burden 
materials ratios (waste metal, scrap, cast iron) on residual 
element content in the steel produced in the EAF was carried 
out in the electric steelmaking shop of OJSC "MMK". The 
results of primary initial data processing are given in Fig. 1. 

The mean value of the used burden materials share during 
the study was the following: 63% of waste metal, 26% of cast 
iron and 1 1% of scrap. 



The residual elements have significant influence on further 
technological processes and final properties of steels. The 
active constraints of the content level of residual elements are 
set depending on the purpose of the metal products. Copper 
and its combinations with other elements is one of the most 
important residual elements. The influence of residual 
elements can be seen on the properties of finished products, in 
particular: 

• hot brittleness due to high copper content and grain- 
boundary segregation [2]; 

• percent elongation [1] and drawability as a result of the 
matrix strengthening and having a positive influence on strain 
capacity provided the material undergoes proper machining 
and thermal treatment; 

• hardening characteristics increasing as a result of 
slower reactions of ferrite and pearlite formation; 

• strength and ductility changing as a result of 
solidification with grain -boundary precipitation [3]; 

• embrittlement on the grain boundaries caused by 
elements segregation on the grain boundaries during cooling, 
coiling and finish annealing. 

A lot of chemical elements get into steel with the waste 
metal charged into the EAF. Great attention is paid to the 
content of chrome, nickel and copper in burden materials and 
their content is given in Table I . 

At present the target residual element (chrome, nickel and 
copper) content for steels of different purposes is given in 
Table II . 

TABLE I CONTENT OF CHEMICAL ELEMENTS ENTERING THE BURDEN WITH 
WASTE METAL 



Kind of Waste Metal 


[Cr]. % 


[Ni]. % 


[Cu]. % 


Strip and Section Waste Metal 


0.10 


0.15 


0.15 


Structural Metal 


0.15 


0.20 


0.20 


Thin Tubes 


0.30 


0.15 


0.25 


Rails 


0.15 


0.20 


0.25 


Automotive Scrap 


0.10 


0.15 


0.15 
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Symbolic representation ofthe experimental hem 
■ Snare of wast e tnelal, % □ Sliare of scrap. % ■ Share of cast iron, % 

Fig. 1 Example of an unacceptable low-resolution image 



TABLE II TARGET CONTENT OF CHEMICAL ELEMENTS IN STEELS INTENDED FOR 
DIFFERENT PURPOSES 



Purpose of Steel 


[Cr]. % 


[Ni]. % 


[Cu]. % 


Russian State Standard 9045 


0.02 


0.04 


0.04 


Cord 


0.05 


0.05 


0.05 


Rod Technology Regulations 14-1- 
5317 


0.1 


0.1 


0.15 


Steel According to Russian State 
Standard 380 


0.3 


0.3 


0.3 



III. STATISTICAL ANALYSIS OF PARAMETERS OF HEATS 

Taking into account that the content of these elements has 
a significant influence on the share of residual elements, 
statistical analysis of parameters of 56 heats was carried out in 
the electric steelmaking shop of OJSC "MMK". 

For this research the authors determined a set of data 
covering the structure of burden materials, heat technological 
parameters and steel and slag compositions. Fig. 2 shows 
mental representation of the building block of information 
chosen for the research. To evaluate the relation between the 
examined parameters the authors carried out the correlation 
analysis of frequencies and absolute values. The research 
results are given in Fig. 3 as graphic representation of 
significant relations at the level of 5%. 

Structure of I WastE mml m ^ ht - ' 

burden - I Scrap weight, t 

materials I cast icon weight, t 

Tsp-to-tap lime, min 
Power on time, min 
Steel Tap temperature, C° 





Fig. 2 Example of an unacceptable low-resolution image 



Fig. 3 Graph of significant relations: a- frequency characteristics, b- absolute 
characteristics 

The results of the correlation analysis by the frequency 
characteristics and initial absolute values are given in Fig. 3. 
The following symbols were used in the graphic 
representations: m w is the wasted metal weight, t; m c is the 
cast iron weight, t; m s is the scrap weight, t; t T is the tap-to- 
tap time, min.; t P is the power on time, min.; T is the steel 
tapping temperature, C°; S s , S P , S Cr , S Ni , Sq„ S02 are the 
content of the following chemical elements in steel: sulphur, 
phosphorus, chrome, nickel and oxygen, respectively; D Fe0 , 
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Dcao, Dsi02, Ds, Dp205 are the content of oxides and elements 
in slag FeO, CaO, Si0 2 , S and P 2 5 , respectively. 

Correlation analysis of frequencies was carried out to 
estimate the interval-probability dependence. As a result of 
this analysis for the examined parameters it was found that: 

• there is a significant frequency interrelation between 
certain interval estimation of maximum frequencies for waste 
metal weight charged into the EAF and the content of such 
residual elements as sulphur, copper and nickel (Fig. 4a and 
4b); 

• there is a significant frequency interrelation between 
certain interval estimation of maximum frequencies for waste 
metal weight charged into the EAF and the content of such 
residual elements as sulphur, copper and nickel (Fig. 4a and 
4b); 

• frequency intervals for the content of such residual 
elements as phosphorus and chrome can be determined 
depending on the intervals for the power on time; 

• there is multicollinearity for frequencies determining 
the composition of the slag formed; 

• intervals with the highest frequency of chrome 
formation in the interval of 0.033-0.047% is displaced from 
the highest frequencies of copper formation in the interval of 
0.195-0.218% and nickel formation in the interval of 0.102- 
0.11% along the interval scale of waste metal application 
three intervals leftward; 

• in the range of 0.87-105.8 t for the weight of the 
charged waste metal with the probability of 0% we get copper 
content from 0,100 to 0,124% and 0.056-0.067% of nickel 
content with the 41% probability of getting chrome content in 
the interval 0.033-0.047% (Fig. 4a, 4b and 4c). 

It is more traditional though to forecast processes and facts 
on the basis of regression equations for absolute values. On 
the basis of the graph analysis in Fig. 3b the authors 
determined the main clusters for regression examination of 
getting residual elements in steel. 

Primary investigation of the graph given in Fig. 3b made it 
possible to: 

• determine the main clusters for making and 
examination of empirical dependences (Table III); 

• find a significant linear interrelation at the 5% level of 
residual materials content with the burden materials weight 
that exists for Class/Rate 4 and 5 meaning that the main 
source of copper and nickel in steel is the waste metal and that 
these elements practically do not get into steel from the scrap; 

• ascertain that Classes 1-3 determine the multicollinear 
interrelation between the elements S s , Sp, S Cr , S Cu that makes 
it necessary to use the system of empirically interrelated 
equations for their forecast; 

• find out that the parameter determining the power on 
time has a significant linear relationship with the charged cast 
iron weight that adds a lot of heat and determines the thermal 
balance of the heat; 

• Conclude that such parameter as metal outlet 
temperature has a significant linear relationship with the 
power on time parameter. 



□ Copper content. % 

0,076 C.100 0.124 0.147 0.171 0,195 0,218 



D 



ffl: 



I 



6S,S3 87,12 



□ ,044 0,056 
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□ Scrap weight, t 

a 

■ Nickel content m the metal. % 
0.067 0.079 0.091 



160,19 173.46 
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Fig. 4 Bar chart of absolute frequencies for probability estimate of obtaining 
residual elements in steel produced in EAF: a- copper content; b- nickel 
content; c- chrome content 

TABLE III CLUSTERS FOR EXAMINATION OF EMPIRICAL DEPENDENCES FOR THE 
STUDY OF EAF PROCESSES AND PHENOMENA 



Class 


Residual 


Groups of Parameters 


Element 


Steel 


Slag 


Burden 


Technological 






Analysis 


Analysis 


Structure 


Parameters 


1 


S s 


Sp, Sc„ 

Scu 








2 


S P 


Ss, Sc, 








3 


Scr 


Ss,Sp, 
So, 


DFeO, 
DcaO, 

D s , D sio2 






4 






DFeO 


m w , m c 


tp 


5 


Scu 






m w , m c 


tp 


6 


S 2 


SNi 






T 
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Taking into account that the oxide content is the resultant 
parameter rather than the present one, in order to forecast the 
residual elements content in steel produced in the EAF, a 
system of structural equations was developed of the form 



s m = 


a u m w + a l2 m c + 


Sc„ = 


a n m w +a 22 m c + £, 


So,_ = 


b 3l S Ni +a 33 T + 4 3 , 


s s = 




s r = 


b 55 S s +b 56 S c ,.+Z 5 , 


Sc,= 


K S c, + K S s +K S p + ^ 



(1) 



where {S Ni , S Cl „ S 2, S s , S P , S Cr } is a set of endogenous 
variables; {m w , m c , T} is a set of exogenous variables; a^ are 
empirically determined coefficients for exogenous variables; 
by are empirically determined coefficients for endogenous 
variables; ^ is an empirical measure estimating the influence 
of unaccounted factors. 

The System (1) contains two independent equations for 
variable S Ni and Sc u - For these equations the coefficients can 
be found on the basis of the least-squares method (LS 



method). Fig. 5 shows the forecast results of residual elements 
content in steel for S Ni and Sen- The following symbols were 
introduced for lines in Fig. 5: 1-the recommended value for 
Russian State Standard 9045; 2-cord; 3-rod Technology 
Regulations 14-1-5317; 4-Russian State Standard 380 (Table 
II). 

If we denote the number of endogenous variables in the j- 
jth equation of the system as H and the number of exogenous 
variables that are contained in the system but do not appear in 
this equation as D, then the model identifiability can be 
expressed in the form of a countable rule: 

• D + 1 = H - the equation is identifiable; 

• D + 1 < H - the equation is unidentifiable; 

• D + 1 > H - the equation is superidentifiable. 

According to the necessary criterion of identifiability of 
the system of equations we can conclude that the System (1) 
is superidentifiable [4]. Taking into account intercorrelability 
and multicollinearity of initial data its parameters can be 
determined on the basis of the two-sweep least-squares 
method to forecast the residual elements content in steel. 

0.31 ■> i ; i ; 





-ISO 140 



100 

Cast iron wlHjjJil. l 
- 120 110 100 



Fig. 5 Nomographic chart of residual elements content forecast in steel, particularly nickel and copper content, at different waste metal weight 



As a result of the two-sweep least-squares method 
application we can develop a system of equations: 



S m = 0,000048m lv - 0,0005 19m c +0,1102, 

S a =0,000175/^ -0,001m f +0,19807, 

S = 0,7365S M + 0,001443r - 2,3108, 

S s = 0,11745^+1,4977^ +0,197S o . +0,00154, 

S p = 0,1717S S + 0,0859S f , -0,00302, 

S c . = -0,07994S C +0,95925 s +1,63855,, +0,0018. 



(2) 



The equations are reliable by Fisher's ratio test and the 
coefficients are significant by Student criterion at 5% level. 

The forecasts obtained in accordance with the System (2) 
specify the burden materials ratio contributing to the target 
residual elements content. The recommended ranges of the 
burden materials ratio for the total charge weight up to 210 t 
are given in Fig. 6a for obtaining target copper content and in 
Fig. 6b for obtaining target nickel content. Points A and B 
(Fig. 6) are equilibrium points for waste metal and cast iron, 
so additional research work should be done to calculate power 
costs in the tap-to-tap cycle. 
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Fig. 6 Ranges of ratios of burden materials charge for obtaining target 
residual elements content: a- copper; b- nickel 

IV. CONCLUSIONS 

The target value of such residual elements as copper and 
nickel in the steelmaking process according to the State 
Standard 380 can be obtained at any ratio of burden materials. 
Acceptable modes make it possible to obtain the target 
residual elements content (copper and nickel) and to select the 
economy mode concerning the energy costs. Application of 
the developed empirical system of interrelated equations 
makes it possible to make more flexible ratios of burden 
materials thus resulting in the choice of the best mode of the 
process control and ensures the minimum energy costs. 
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